Abstract-To overcome blind spots of an ordinary weather radar which scans horizontally at a high altitude, a weather radar which operates vertically, so called an atmospheric profiler, is needed. In this paper, a K-band radar for observing rainfall vertically is introduced, and measurement results of rainfall are shown and discussed. For better performance of the atmospheric profiler, the radar which has high resolution even with low transmitted power is designed. With this radar, a melting layer is detected and some results that show characteristics of the meting layer are measured well.
I. INTRODUCTION
A weather radar usually measures meteorological conditions of over a wide area at a high altitude. Because it observes weather phenomena in the area, it is mainly used for weather forecasting. However, blind spots exist because an ordinary weather radar scans horizontally, which results in difficulties in obtaining information on rainfall at higher and lower altitudes than the specific altitude. Therefore, a weather radar that covers the blind spots is required.
A weather radar that scans vertically could solve the problem. This kind of weather radar, so called an atmospheric profiler, points towards the sky and observes meteorological conditions according to the height [1] . Also, because the atmospheric profiler usually operates continuously at a fixed position, it could catch the sudden change of weather in the specific area.
In this paper, K-band rain radar which has low transmitted power and high resolutions of the range and the velocity is introduced. The frequency modulated continuous wave (FMCW) technique is used to achieve high sensitivity and reduce the cost of the system. In addition, meteorological results are discussed. Reflectivity, a fall speed of raindrops and Doppler spectrum measured when it rained are described, and characteristics of the melting layer are analyzed as well.
II. DEVELOPMENT OF K-BAND RAIN RADAR SYSTEM

A. Antenna
To suppress side-lobe levels and increase an antenna gain, offset dual reflector antennas are used [2] . Also, separation wall exists between the transmitter (Tx) and receiver (Rx) antennas to improve isolation between them. With these methods, leakage power between Tx and Rx could be reduced. Fig. 1 shows manufactured antennas and the separation wall. Fig. 2 shows a block diagram of the K-band rain radar. Reference signals for all PLLs in the system and clock signals for every digital chip in baseband are generated by four frequency synthesizers. In the Tx baseband module, a field programmable gate array (FPGA) controls a direct digital synthesizer (DDS) to generate an FMCW signal which decreases with time (down-chirp) and has a center frequency of 670 MHz. The sweep bandwidth is 50 MHz which gives the high range resolution of 3 m. Considering the cost, 2.4 GHz signal used as a reference clock input of the DDS is split and used for a local oscillator (LO). the FMCW signal is transmitted toward raindrops with the power of only 100 mW. Beat frequency which has data of the range and the radial velocity of raindrops is carried by 60 MHz and applied to the input of the Rx baseband module. In the Rx baseband module, quadrature demodulation is performed by a digital down converter (DDC). Thus, detectable range can be doubled than usual. Two Dimensional-Fast Fourier Transform (2D-FFT) is performed by two FPGAs. Because the 2D FFT is performed with 1024 beat signals, the radar can have high resolution of the radial velocity. Finally, data of raindrops are transferred to a PC with local LAN via the an UDP protocol. TABLE I. shows main specification of the system. 
B. Design of Tranceiver
II. APPARATUS
The apparatus used to simultaneously capture FSR and galvanic contact measurements is shown in Figure 1 . PD is generated by applying an HV sinusoid to the floatingelectrode PD emulator. The PD emulator, shown in Figure 2 , has 0.60 mm and 6.2 cm gaps on either side of the floating electrode. The voltage rating of the 1000 pF coupling capacitor (shown in Figure 1 ) used to make the galvanic PD measurements is 40 kV. When the electric field is sufficiently large PD occurs across the smaller of the floating electrode gaps [1, 2] . The radiometric measurements were made using a biconical antenna connected to a 4 GHz, 20 GSa/s, digital sampling oscilloscope (DSO). The antenna (Figure 3 ,) was vertically polarised. The frequency range of the antenna is 20 MHz to 1 GHz and tts nominal impedance is 50 ohms. The antenna gain at 100 MHz is around -9 dBi and its dimensions are 540 mm×225 mm×225 mm.
A commercial PD calibration device has been used to assess the ERP of the emulator as a function of PD apparent charge. The off-line HVPD pC calibrator is designed to provide a range of current pulses of specified charge from 1 pC up to 100 nC. Figure 4 shows the calibrator [3] . III. PD CALIBRATION PD intensity, or strength, is specified by the apparent charge transferred during a discharge event. It is typically measured in picocoulombs or nanocoulombs. Strictly, the apparent charge is that charge which, if injected into the terminals of the device under investigation, would result in the same response of the measurement instrument as the response to the PD event [4] . Figure 5 is a plot of the integral of the current pulse resulting from the range of calibration pulses as provided by the calibration device. The pulses were measured using a digital sampling oscilloscope (DSO) with an input impedance of 1 MΩ. Classical PD measurements, as described in [5] , use a galvanic connection to conduct the PD current pulse (or a voltage pulse that is proportional to the current pulse) via a cable to the measurement instrument. If the measurement is sufficiently broadband for the pulse to remain baseband in nature then it is easily, and unambiguously, integrated to find the apparent charge. If the pulse oscillates due to inductance and capacitance of the PD-source/measurement-system combination, however, then the question arises as to how best to assess the apparent charge. The integral from the start of the measured pulse to its first zero crossing has been used as a measure of apparent charge [6] . This metric has been investigated by comparing it with a range of known charges injected into the emulator using the HVPC calibrator. The measurement circuit is shown in Figure 6 . A typical observed waveform is shown in Figure 7 . Table I compares injected charge and charge inferred from the integral of the oscillating waveform over the first half cycle. It also shows the peak voltage of the oscillating waveform. The entries from 1 pC to 20 pC were too noisy to make reliable estimates of apparent charge. Figure 8 shows the calculated (first half-cycle) charge against the charge injected by the calibrator. It is clear from Figure 8 that the first half cycle integral is linearly related to injected charge from the calibrator. By extension we assume that this linear relationship will hold when the charge is injected by a PD event.
It is not obvious that the above can be easily extended to signals radiated by PD events rather than those galvanically conducted to a measurement system. This is, at least in part, because the RF signal at the terminals of a receiving antenna will generally be related to a time-derivative of the PD current pulse rather than a time-integral. Furthermore there are numerous transmission losses that are generally unknown in the case of the radiometrically received PD including the radiation efficiency of the transmitting structure and propagation losses.
Measurements of radiometrically, and galvanically, observed PD signals were undertaken with the measurement system shown in Figure 1 . The FSR measurements were made at four distances from the PD source. All the measurements were made using a PD emulator and 50 Hz power supply voltage of 15 kV RMS . Table II shows the received mean peak voltage amplitude, the calculated charge and calculated effective radiated power (ERP) for the FSR measurements. The ERP was calculated assuming free-space propagation and the known antenna factor of the biconical aerial. The range of the antenna from the PD source was varied from 1 m to 4 m in steps of 1 m. Figure 9 shows the measured FSR peak voltage, the calculated electric field strength and the calculated ERP as a function of measurement range.
In this experiment, the apparent peak ERP varies from 27.1 dBm at a range of 1 m to 24.2 dBm at a range of 4 m. In principle the ERP should be independent of distance. If it were independent of distance then, in a radiometric PD location system such as those described in [7, 8] there seems to be the possibility of inferring an absolute PD intensity (in terms of apparent charge) from a remote radiometric estimate of ERP. 
IV. DISCUSSION
The measurement of absolute PD intensity (in pC) from a remote free-space radiometric measurement has traditionally thought to have been impractical. If PD intensity can be reliably related to PD ERP, however, then there is the possibility of inferring PD intensity from a measurement of ERP using a radiometric system that locates the PD source. Several issues remain to be investigated before such an absolute radiometric estimate of PD intensity can be realised. Important of these is the anisotropy of the PD radiation and the error in inferred PD intensity which this introduces in practice. (It is thought that, in practice, the gain of the PD radiating structure will be modest.) Also, inferred ERP in the work above has some modest dependence on range. It is possible this apparent variation is due to the propagation environment in which the measurements were carried out (an indoor laboratory) and the fact that the measurements were not carried out unambiguously in the far field. It is felt that the results reported here are sufficiently encouraging, however, to pursue this work further.
